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The dynamics of 3D Airy-vortex wave packets is studied under the action of strong self-focusing Kerr nonlinearity. 
Emissions of nonlinear 3D waves out of the main wave packets with the topological charges were demonstrated. Due to the 
conservation of the total angular momentum, charges of the emitted waves are equal to those carried by the parental light 
structure. The rapid collapse imposes a severe limitation on the propagation of multidimensional waves in Kerr media. 
However, the structure of the Airy beam carrier allows the coupling of light from the leading, most intense peak into 
neighboring peaks and consequently strongly postpones the collapse. The dependence of the critical input amplitude for the 
appearance of a fast collapse on the beam width is studied for wave packets with zero and non-zero topological charges. 
Wave packets carrying angular momentum are found to be much more resistant to the rapid collapse, especially those having 
small width.  
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   Originally, Airy wave packets were obtained as 
solutions of the linear Schrödinger equation [1]. This 
finding inspired a significant interest in their 
counterparts in optical settings [2-5]. These fascinating 
self-accelerating light beams propagating along the 
bending trajectories were studied in the spatial and the 
temporal domains with multiple potential applications 
suggested [6-10]. Recently, observations of an electronic 
Airy beam [11] as well as Airy waves in plasmonic 
structures [12] have also been reported. Furthermore, 
multi-dimensional spatio-temporal Airy light bullets have 
also demonstrated [2, 13-17]. In the high power 
propagation regime the Airy wave structure gets distorted 
in the presence of a self-focusing Kerr nonlinearity, while 
the self-healing properties of Airy beams still leads to a 
strong resistance to the complete destruction [18]. 
In the temporal domain 1D temporal soliton [19-24] and 
multi-soliton [25] shedding out of Airy pulses were 
observed while the front of the Airy pulse continued its 
propagation along its bended trajectory. This dynamics 
occurs in the highly nonlinear regime via collisions of 
pulse peaks of which the Airy wave consists which leads 
to a subsequent transfer of energy and momentum from 
peak to peak until a soliton is released. This phenomenon 
can be  viewed as an optical  analog of Newton's cradle 
and it was demonstrated [26] to exist in other asymmetric 
light structures propagation regimes such as the evolution 
of dense multiple pulses with the same frequency and 
more importantly in fission of N-soliton under the 
dominant action of a third order dispersion. 
Dynamics of vortices imposed into Airy wave structure 
have been studied in two dimensional settings [27-30] and 
it was demonstrated that the threshold of the rapid 
collapse [31-34] of 2D Airy waves carrying vortices is 
higher than that of the 2D Airy waves having no 
topological charge [30].  
  3D investigations would, however, be highly desirable to 
test predictions obtained in lower dimensions and, 
furthermore, the higher dimension adds additional 
degrees of freedom which may lead to new dynamical 
phenomena. The main objective of this letter is to 
demonstrate the emission of 3D waves in the course of the 
propagation of 3D Airy-Gauss light bullets in a nonlinear 
medium. We particularly show that if the initial light 3D 
light wave packet is launched with an initial topological 
charge (vorticity) the shed waves exhibit this vorticity too. 
In Kerr-type nonlinear media rapid collapse becomes a 
significant issue unlike in cases of dynamics with one-
dimensional transverse coordinate. The mechanism can 
take place with input intensities below those leading to 
that rapid collapse. It will be shown that in a strongly 
nonlinear regime the structure of the Airy beam carrier 
allows to couple light from the most intense peak to its 
neighbors which prevents the usual rapid collapse. 
Furthermore, the introduction of a topological charge also 
strongly assists to postpone the collapse. 
  The propagation of the 3D light wave packets amplitude 
u along the direction z in nonlinear media obeys the 3D 
Nonlinear Schrodinger equation which reads in 
normalized form: 
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Here, the diffraction in the x-y plane and the temporal 
dispersion act on the wave packet with effectively similar 
strength. In the low intensity regime with negligible 
nonlinearity the Airy-Bessel solution describes the 
dynamics of a linear light bullet [2, 13, 14]. Since we are 
interested in the dynamics in a strongly nonlinear case we 
study the evolution of a finite-energy light bullet with an 
input constructed by truncated temporal Airy and 
Gaussian functions in the x-y plane multiplied by 
components representing the toroidal vortex light 
distribution. 
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Here, A denotes the amplitude of the wave packet, w is 
the initial width in x- and y-direction, a is the truncation 
of the Airy function, and S is the topological charge.  
  The evolution of the wave packet along z with input (2) 
governed by (1) is simulated using the Fourier transform 
split-step method in a 3D (x-y-t) domain of size (8)3, 
covered by a mesh of 2563 points. Fig. 1 demonstrates the 
evolution of the Airy-vortex wave packet with vorticity 
S=1. Three-dimensional snapshots (a-c) illustrate the 
shape of the wave packet intensity (|u|2) at the level of 
|u|2 = 0.25. The initial Airy-vortex structure seen in Fig.1 
(a) gets distorted in the course of the propagation, see 
Fig.1 (b), in the strongly nonlinear regime with A =  
and w = 2. The dynamics leads to light transfer from the 
leading peak to its neighbors via inter-pulse collisions, see 
Fig. 1(d), in analogy to a 1D temporal Airy pulse [19-24].  
 
 
Fig. 1 (Color online) Snapshots describing the evolution of a wave 
packet taken (a) at the input (z = 0), (b) at the initial stage of the 
formation of the vortex to be emitted from the structure (z = 1), 
(c) after the emission of a strong vortex (z = 2). The inset in (c) 
displays the phase distribution at the maximum intensity of the 
emitted vortex. All snapshots are drawn at the intensity ISO 
level of |u|2 = 0.25. (d) Evolution of the maximum of the wave 
packet - max(|u(x, y)|) taken at the x - y plane. The input pulse 
amplitude is A = 4.2 and the width parameter-is w = 2. Leading 
Airy peak and the emitted light wave are marked by (1) and (2), 
respectively, in panels (c) and (d). 
The absolute value of the maximum taken in the x-y 
plane is shown instead of the conventional intensity -|u|2 
in order to provide a better visibility of the dynamics in 
low intensity regions of the wave packet. The shed vortex 
that starts its formation at about z =1 becomes more 
powerful due to a course of collisions with Airy peaks until 
it is released from the structure. Figure 1(c), representing 
the wave packet at z = 3, demonstrates that at the 
intensity level of |u|2 = 0.25 the decaying front of the 3D 
Airy wave packet located at t ~ 8.2 is rather weak, while 
more powerful emitted vortex centered at t ~ 1 appears to 
be much more pronounced. The phase distribution of the 
emitted light, measured at its center is shown by the inset 
in Fig. 1(c). It clearly corresponds to a vortex with 
topological charge S=1. We have marked the leading Airy 
peak by (1) and the emitted light by (2) both in Fig. 1(c) 
and Fig. 1(d) to clarify the the identification. 
 
 
 
Fig. 2. (Color online) Snapshots describing the evolution of 
a wave packet with zero vorticity (S=0) taken (a) at the 
input (z = 0), (b) at the position just after the formation (z = 
1.5) of the light waves emitted from the structure, and (c) 
after the emission of a strong light wave (z = 2). All the 
snapshots are drawn at the intensity ISO level of |u|2 = 
0.15.  The input pulse amplitude is A = 2.91 and the width 
parameter-is w = 2. 
The dynamics of the wave packets without topological 
charge (S = 0) and with charge S = 2 is shown in Fig. 2 
and Fig. 3, respectively. These figures reveal a 
qualitatively similar nonlinear dynamics. Clearly, the 
emitted objects have the same topological charges as the 
injected wave packets.  
 
Fig. 3. (Color online) Snapshots describing the evolution of 
a wave packet with S=2, taken (a) at the input (z = 0), (b) 
at the position just before the formation (z = 1) of the 
vortex emitted from the structure, and (c) after the 
emission of a strong vortex (z = 2). All the snapshots are 
drawn at the intensity ISO level of |u|2 = 0.25. The 
inputpulse amplitude is A = 4.8 and the width parameter-
is w = 2. 
 
    In the case of still higher injected peak power the 
mechanism of light coupling from the most intense 
peak into neighboring peaks is not able to overcome 
the rapid collapse anymore. We can identify a critical 
peak power of the input wave packet for the 
appearance of the rapid collapse such as that shown 
in Fig. 4. The wave packet with the same width 
parameter w = 2, but with the initial amplitude 
experiences a fast peak power growth after 
only a short propagation distance of z = 0.08. We 
have demonstrated the case of a wave packet with 
the vorticity S = 1, thus the collapse occurs at several 
points located on the circle perimeter of the field 
distribution in the x-y plane, as demonstrated in the 
inset of the Fig. 4.  
 
Fig. 4. (Color online) Typical example of the rapid collapse 
of the light packet with S=1 having an initial am 
amplitude A = 4.5 and width w = 2. Evolution in z-t plane 
is shown together with a x-y cross-section of the collapsing 
wave packet taken at z = 0.085. 
 
   The appearance of the rapid collapse can be 
controlled by the initial parameters of the wave 
packet, in particular, by its topological charge. 
Figure 5 (a) demonstrates the dependence of the 
critical input peak power |u0|2cr calculated from (2) 
on the square of the wave packet's width parameter -
w2. Values of critical power were obtained by 
running a set of direct simulations with increasing 
the input amplitude until the appearance of a clear 
rapid collapse such as shown in Fig. 4 rather than 
coupling of power into neighbor lobes such as in Fig. 
1(d). One can clearly observe the postponing of the 
collapse due to the "charging" of the initial wave 
packet. Figure 5(b) also demonstrates such a 
comparison between the wavepackets with the 
angular momentum and those without the angular 
momentum in terms of total energy of the 
wavepacket. 
 
 
Fig. 5. (Color online) Critical input amplitude for the 
appearance of the rapid collapse of the wave packet as a 
function of the width squared (w2). Red points represent 
the uncharged (S=0) case, while blue rings stand for wave 
packets with vorticity S=1.   
 
Taking for example a wavepacket with the width 
parameter w = 2, the critical input peak power for S = 
0 is |u0|2cr = 2.5, with the total energy Ecr = 38. For 
S =1 the critical peak power is =93.5, with the total 
energy Pcr =397. 
 
    In conclusion, we have studied the spatio-temporal 
evolution of 3D Airy-vortex wave packets in the strongly 
nonlinear regime under a threat of a rapid collapse. The 
structure of the Airy beam allows coupling of light from 
the leading, most intense peak into neighboring peaks 
and consequently strongly postpones the collapse. 
Emission of nonlinear 3D waves out of the main wave 
packet is demonstrated. The topological charges of the 
emitted objects are shown to be similar to those carried by 
the parental light structures. Wave packets carrying 
angular momentum are found to be much stronger 
resistant to immediate collapse than their uncharged 
counterparts from the point of view of the critical 
amplitudes.  
  In future works it will be interesting to consider 
nonlinear interaction of several 3D Airy-vortex wave 
packets, including interactions between wave packets 
carrying different topological charges. 
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